ABSTRACT
Introduction
Aeration of secondary processes requires high energy consumption in wastewater treatment plants (WWTPs), which can account for 20-60% of the total energy demand, depending on the plant configuration [1] .The energy requirements to operate activated sludge processes (ASPs) are estimated to be in the order of 0. 18 Moving attached growth system, such as submerged aerated filters (SAF) moving bed biofilm reactors (MBBR) and integrated fixed film activated sludge (IFAS), have been increasingly used as cost effective processes and alternatives to ASP, to meet the more-stringent nutrient/ammonia consents [5, 6] . Moving attached growth systems make use of buoyant carrier media, which support and allow biofilms to grow promoting high biomass concentrations. The use of carrier media promotes the development of slow growing bacteria such as nitrifiers, preventing wash out and enhancing the nitrification efficiency [7] . The constant movement of the carrier media increases biofilm/bulk liquid oxygen levels and substrate mass transfer, compared with fixed media processes. Moving attached growth systems maximise the loading capacity and efficiency of the conventional biological processes at reduced footprints due to high biomass retention [8] . Sufficient air needs to be provided for the degradation of organic matter, endogenous respiration, nitrification as well as mixing and scouring of the biofilm [8] . In moving attached growth systems, dissolved oxygen (DO) set points are usually high (3-5 mg/L), compared to conventional ASP (1-2 mg/L) [4] . Thus, it is important to optimise aeration efficiency, thereby minimising energy consumption and operational costs, while ensuring good process performance [9] . 1 Different studies have investigated the impact of plastic carrier media on oxygen transfer efficiency and have demonstrated consistent results on the enhancement of oxygen transfer with different media and filling ratios [10] [11] [12] [13] . An increase of 15-32% in standard oxygen transfer efficiency (SOTE) has been described when the media filling ratio was 25% [10] , and an increase in SOTE of 50% was observed with a media filling ratio of 50% [11] . A 48-61% enhancement on the volumetric mass transfer coefficient (k L a) was reached using a lab scale reactor filled with 40% of media [12] . Other studies stated a 10% increase with a 50% filling ratio [13] . Results generated indicated that air bubbles were sheared into small bubbles through contact with the carriers, thereby increasing the gas-liquid interfacial area. Carrier media also promoted bubble dispersion increasing bubble retention time within the reactor. ) were studied by Collignon [14] . Results generated indicated that little difference was observed in standard oxygen transfer efficiency (SOTE) using fine bubble aeration with and without media. A more pronounced impact was observed using coarse bubble aeration. With regards to size, shape and density of the media, the ring shape media helped the break-up of coarse bubbles.
This in turn increased k L a by 6-22% at a 40% filling ratio and the circular flat shape encouraged bubble coalescence.
The hydraulic characteristics of moving attached growth systems have a significant impact on system performance. Hence, different size and shape carriers can influence flow pathways and hydraulic velocities with an impact on oxygen and substrate mass transfer [15] and biofilm dynamics including growth, thickness and detachment [7] . Little is known about the impact of plastic carrier media on hydraulic flow patterns and mixing conditions. Tracer studies are frequently used to characterise hydraulic profiles and mixing behaviour in reactors. These studies help to identify hydraulic limitations, such as inactive volume (stagnant flow), hydraulic short circuiting and preferential flow paths, channelling [16] . Dead volume or stagnant zones reduce the actual volume available for chemical and biochemical reactions, reducing the treatment capacity [17] . Tracer analyses are also vital in illustrating the influence of aeration in a reactor. Often, well aerated reactors have a maximum use volume for biological treatment [18] .
Although there are different studies on the effect of plastic carriers on oxygen transfer and a few studies on moving attached growth systems hydrodynamics, and size) were used to study their impact on reactor hydrodynamics and oxygen transfer efficiency in a moving attached growth systems pilot plant. The study was performed with and without biofilm, from which correlations between physical properties of the media and hydrodynamic and oxygen transfer parameters were obtained.
Material and methods

Experimental setup
The experimental tests were conducted at Cranfield University WWTP (Cranfield, UK), treating 600 m 
Tracer studies
Tracer studies were performed using Rhodamine (Rhodamine WT 20%; Fisher Scientific, Loughborough, UK). The tracer was injected in the reactor by the "pulse input technique" as described by Levenspiel [19] . A volume of 5 ml of Rhodamine was injected instantaneously into the inlet of the reactor. The Rhodamine concentration was then monitored in the effluent using a submersible fluorometer .h (a total of 72 tracer studies). All tests were carried out in triplicate.
Determination of the residence time distribution (RTD) curves
Residence time distribution function (E(t)) curves were obtained from the tracer concentrations measured at the outlet of the reactor (C(ti)) as function of time (t i ) and calculated using Eq. (1) as described by Levenspiel [19] .
Based on the E(t), the average time that the tracer remained in the reactor (mean residence time -t m ), and the distribution variance ( 2 ) were calculated using Eq. (2) and Eq. RTD curves can be interpreted and quantified in different ways. Brannock et al. [20] stated a number of relationships commonly used to evaluate RTD curves, such as dead zones, or short-circuiting flow. Dead zones (V d ) and hydraulic efficiency (HE)
were calculated according to Eq. (5) 1 was used to measure the hydraulic behaviour of the reactor (wastewater flow distribution and mixing) and calculated based on the ratio between mean residence time and hydraulic retention time ( ). The effective volume was calculated based on total volume correction (V t ), considering the HE and bed voidage (Voi) and Eq. (7). (1) (2)
(5)
Clean water oxygen transfer tests
Oxygen transfer was assessed using the procedure described in the standard methods "Measurement of Oxygen Transfer Capacity in Clean Water" [23] . Batch trials were performed in one of the three reactor cells at three air flow velocities: 2.2, 
Determination of the oxygen transfer parameters
The data collected for each test was analysed using DO versus time data. The volumetric oxygen mass transfer coefficient (k L a) (1/h), was calculated based on Eq. 1 [23] . The standard oxygen transfer rate (SOTR, kgO 2 /h) and the standard oxygen transfer efficiency (SOTE, %/m) were also determined in Eq. (10) to (13), where is calculated based on the mass fraction of oxygen into dry air, the flow rate (Q) and air density. and on compressor efficiency (e=60%), where R is the gas constant for air, P 2 and P 1 absolute inlet and outlet pressure, respectively Eqs. (14) and (15) . (14) (15)
Oxygen transfer and hydrodynamic behaviour under operational conditions
To study the effect of biofilm development in the hydrodynamic behaviour, tracer studies were conducted when the operation reached steady state and the biofilm was fully attached to each media. Oxygen transfer efficiency during operation was measured using off-gas techniques according to the ASCE [24] . A plastic cover with two layers was used to cover each cell, a sealed hose was used to collect the off-gas released (gas flow rates were measured using rotameters and DO. Temperature, and COD at inlet and outlet were also measured. A portable gas analyser (Geotech's BIOGAS 5000, Leamington Spa, UK) was used to measure the percentage of O 2 (0-25%) and CO 2 (0-100%) from the off-gas. The oxygen transfer efficiency was 1 calculated based on a mass balance between the gas feeding and the off-gas Eq.
(16). The operation standard oxygen transfer efficiency (αSOTE) was then calculated using Eq. (17) , where, θ is the temperature correction factor (θ=1.024) for wastewater temperature (T w ), β beta factor, C s, 20 concentration of oxygen at 20 degrees (mg/L), DO concentration of dissolved oxygen (mg/L), and C s,T oxygen concentration under operational conditions. The α value was determined by the ratio between αSOTE and the clean SOTE [24] . (16) (17) 3. Results and discussion
Hydrodynamic behaviour without biofilm growth
Residence time distribution (RTD) curves were investigated in clean media (without biofilm) and wastewater. Hydraulic efficiency (t m /HRT) was calculated for each condition studied, with and without media (with and without aeration) at a wastewater flow rate of 4 and 9 m introduced, hydraulic efficiency increased from 25-38% without media compared with 14-25% with Media 1, 19-24% with Media 2, 8-30% with Media 3, 4-27% with Media 4 and 6-32% with Media 5. Other studies also observed the positive effect of aeration and media on hydraulic efficiency. This is because the reactor behaviour tended to be completely mixed due to agitation promoted by the air [16, 25] . Morgan-Sagatume and Noyola [25] demonstrated that the presence of media (volcanic scoria media) increased the hydraulic efficiency by 72% when compared with the aerated filter without media. Other studies revealed that the introduction of 100% media filling ratio in a submerged aerated filter, improved the hydraulic efficiency by 48% [16] .
Comparing the hydraulic efficiency results statistically, using paired t tests, was verified that hydraulic efficiency for Media 1 was statistically different (p<0.05) from all the other media. Between Media 2 and 3 and between Media 4 and 5 there was no statistical difference in the hydraulic efficiency results. However, there was a statistical difference between the spherical (1, 2 and 3) and the cylindrical (4 and 5).
Results indicated a decrease of dead zones from 28 to 77% for both air flow rates and with media. In this study, the dead volume percentages varied from 17-26%, 8-20%, 8-26%, 11-32% and 7-37% with Media 1,2, 3, 4 and 5, respectively (Table 2) .
Aeration has been shown to have a greater impact on mixing. The presence of media and aeration held the tracer for a longer period inside the reactor, reducing dead zones. Similar results were obtained by Morgan-Sagastume and Noyola [25] demonstrating that dead zones were decreased by 53% when aeration and media were used.
Mixing patterns (back-mixing) were analysed based on dispersion number (D/µL). [27] . The presence of media did not increase the dispersion coefficient values, rather, the same results were verified in the studies by Morgan-Sagastume and Noyola [25] . Back mixing can also be characterised by the value of N-CSTR, with an N ⩽ 3 indicating higher back mixing [27] . The values varied from 2.11 and 3.53 within the media. 
Hydrodynamic behaviour under operational conditions (with biofilm growth)
To study the impact of biofilm growth in the hydrodynamic behaviour of the reactor, tracer studies were conducted when heterotrophs and nitrifiers biofilm was formed (Fig 6) 
Clean water oxygen transfer
The results obtained for k L a for each media are presented in Fig. 2 A k L a increase from 21-55% has been reported by different authors that studied the influence of carrier media on aeration [12, 14] .The presence of carrier media had been shown to influence bubble break-up, decreasing bubble size, increasing gas hold-up and hence the contact time between the gas and liquid. Limited studies have been conducted on the impact of media physical properties on oxygen transfer in moving attached growth systems. Using different packing material properties (size, density and shape), Fujie et al. [28] , found that physical properties play an important role in gas-liquid oxygen transfer, by bubble hold up and dispersion. Among the materials studied, smaller material promoted bubble coalescence, reducing k L a, while larger materials increased k L a by bubble hold-up. Three plastic carrier media, two cylindrical and a circular flat shaped, were studied by Collignon [14] using coarse bubble aeration. The results confirmed an improvement in oxygen transfer by 6-22%
in the presence of cylindrical media at a 40% filling ratio, whereas the addition of circular flat shaped media affected the k L a negatively. The different reactor designs (water depth), type of dispersed air system, media carrier and filling ratios used, make comparisons between studies challenging [29] . Considering the clean water k L a data in more detail, and comparing against other studies, the values registered in this study were higher. However, when the influence of water depth was considered, .h (Fig. 2) . Lower values were registered by Collignon [14] at a 40% media filling ratio and 17 m 1 improved the SOTE (%/m) by 10 to 44%. SOTE enhancement in Collignon [14] was 22% compared to the results achieved without media. In Sander et al. [11] the addition of carrier media increased SOTE from 2.9%/m (without media) to 5.6%/m (at 50% filling ratio) using a coarse bubble aeration.
Oxygen transfer under operational conditions (with biofilm growth)
To estimate the impact of the media with biofilm on oxygen transfer efficiency (OTE), An αSOTE of 3.72 %/m with medium bubble aeration was also reported by Sander et al. [11] , respectively.
The energy efficiency values at operation conditions were 3.65, 2.85, 2.75, 2.28 and 1.7 kg O 2 /kWh for Media 1, 2, 3, 4 and 5, respectively. The values were higher than the ones described for coarse bubble 0.6-1.5 kg O 2 /kWh in Stenstrom and Rosso [34] and similar to the ones specified by Kappel [33] for an IFAS within 1.5-3. 
Influence of media physical properties on hydrodynamics and oxygen transfer 3.5.1. Without biofilm growth
The results obtained on hydraulic efficiency (HE) and on oxygen transfer efficiency (SOTE) were correlated with the carrier media protected surface area (Fig. 3) . A linear fitting of R 2 =0.67 and R 2 =0.48 suggested that the protected surface area does not correlate with hydraulic efficiency and SOTE.
Other physical parameters, such as porosity, have been mentioned in the literature as more suitable, compared to the specific surface area, to describe hydraulic behaviour and performance on an upflow biofilter [38] . Others suggested that additional media properties should be considered and not only surface area, such as voidage [39] . Physical properties (length to diameter ratio) were indicated as an influential parameter on the fluidization velocity Zhong et al. [40] .
To gain a better understanding, other physical properties of the five media studied were investigated and correlated with HE and SOTE. Parameters such as: diameter, length to diameter ratio (L:D), sphericity, Sauter mean diameter, shape factor and voidage were considered and correlated with HE and on oxygen transfer efficiency (SOTE) ( Table S1 ). Due to the complexity of the media shape (three-dimensional geometry), calculations applied to geometric properties of particles were also used to normalise the carrier media shape. Dimensionality (Di) was calculated based on the work of Jones, [41] .
The parameters that fitted the data on HE were a combination of Di and voidage (Voi) (Fig. 4A) , giving a strong correlation (R 
Operational conditions with biofilm growth
The same data analysis was performed when biofilm was developed in the media.
Considering the same combination of parameters, as in clean conditions, dimensionality and voidage. Nevertheless, voidage reduction was considered and calculated based on the biofilm growth (thickness) and total surface area correction.
For the spherical media, Alonso et al. [44] and Dumont et al. [45] equations were used. For the cylindrical shape, the equation presented in Goode [46] , was used.
Thickness values when the biofilm was fully developed were considered. For the spherical media, Media 1, 2 and 3 the thickness was of 426±88, 375±45 and 328±70 
1
Due to the media physical structure, the biofilm growth (thickness) in Media 1, 2 and 3 did not significantly impact the media voidage (Fig. 6 ). However, for Media 4 and 5, the increased biofilm thickness, due to the overgrowth of heterotrophic biofilm in the inner areas led to a reduction in voidage of 6 to 14%, respectively [47] . Biofilm accumulation in the internal parts of Media 4 and 5, reduced the hydraulic diameter for water to flow through, creating preferential flow paths, accelerating short-circuiting due to media clogging, and therefore decreasing hydraulic efficiency by 74±1 and 63±2%, respectively (Fig. 6) . It was estimated that voidage could achieve a further 12
and 26% if the biofilm thickness reaches 1000 µm, for example under operation with high organic loads. Thus, affecting substrate and oxygen transport and diffusion within the biofilm, having a significant impact on the overall treatment performance.
In this study, the amount of suspended solids were measured in the pilot plant Regarding the oxygen transfer, a higher correlation was achieved when comparing the αSOTE with corrected voidage and hydraulic efficiency, R 2 of 0.88 (Fig. 5B) . performed in other studies, where a larger and flat shaped media with small pore spaces were also affected by clogging. This is especially when used at high loading conditions due to high biofilm growth, and despite their high specific surface area [49] . These results are also in line with Show and Tay, [38] , where a decrease in media voidage, induced clogging and dead spaces, resulting in lower hydrodynamic and treatment performance. The poor mixing and the slightly negative effect on 
Conclusions
The presence of media and aeration had a positive impact on the reactor effective The combination of parameters: dimensionality and voidage, can be used to optimise media size and shape, enhancing mixing and oxygen transfer; and ultimately contributing towards energy savings and higher removal efficiencies. 
